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2 have significant hierarchical differences across four rhizocompartment types under leguminous plant 21 shrubs. Desert leguminous plants had significant effects on the enrichment and filtration of specific 22 bacterial microbiomes across different rhizocompartments (P<0.05). The core bacterial microbiomes 23 causing structure and composition variability of bacterial communities across different niches of desert 24 leguminous plants are also identified. By investigating the influence of niches on the structural 25 variability of soil bacterial communities with the differentiation of rhizocompartments under desert 26 leguminous plant shrubs, we provide data support for the identification of dominant bacteria and future 27 preparation of inocula, and provide a foundation for further study of the host plants- microbial 28 interactions. 29
30

IMPORTANCE 31
Colonization by plant communities make valued contribution to sand-fixing in poor ecological desert 32 environments, thereby reducing the effects of wind erosion in these areas. Our study revealed that 33 specific core bacterial microbiomes in under-shrub soil microbial communities had a significant 34 hierarchical enrichment effect among rhizocompartments, and were filtered into roots. The root 35 endophyte microbiomes thus formed had low abundance and diversity, but their structural variability 36 was the highest. In addition, our data also verified that the rhizocompartments of under desert 37 leguminous plant shrubs had a significant differentiation effect for the core bacterial microbiomes 38 enriched and filtered by host plants, and that each rhizocompartment represented a unique niche of 39 bacterial communities. Understanding the interactions between xeric shrubs and soil microbial 40
INTRODUCTION 44
Soil microbes involved in soil carbon and nitrogen cycling exert a notable influence on global 45 climate change (1) . The effect of global climate change on desert ecosystems is noticeable (2), resulting 46 in spatial, large-scale variations in desert vegetation communities (3). Frequent anthropogenic 47 interferences and intensified global climate change, as well as other influencing factors, is accelerating 48 vegetation degradation in arid, semi-arid, and dry sub-humid regions. Vegetation degradation in these 49 areas will alter the regional ecological balance, resulting in land degradation and desertification 50 becoming important areas of concern (4). 51
Vegetation restoration practices have been extensively undertaken in northwest China since the 52 5 to that of bulk soil. Rhizospheres are also the areas where plants and soil microbes engage in the most 84 intense interactions with each other. 85
Rhizospheres are narrow soil areas affected by root exudates, where up to 10 11 microbial cells can 86 be present (27) and there can be 30,000 prokaryotes per gram of root (28) . Plant roots use bulk soil as a 87 microbial diversity pool in which they can induce the enrichment of specific microbes favorable for 88 plant growth (20) . In general, species diversity of microbial communities in rhizospheres is lower than 89 that in bulk soil (29-31). Significant differences in bacterial microbial communities between 90 rhizosphere soil and non-rhizosphere soil is referred to as the "rhizosphere effect" (32). This 91 phenomenon suggests that soil type is an important driver of microbial community composition in the 92 rhizosphere (33, 34). Findings from previous studies have also indicated that core bacterial 93 microbiomes closely associated with host plants dominate the degree of variability of the entire 94 bacterial community across different niches (23, 35) . As far as rhizocompartments are concerned as 95 special micro-ecosystems, the relative differential variations of bacterial communities driven by 96 various soil factors in roots, rhizosphere soil, and non-rhizosphere soil can be used to reflect the 97 intensity of the "rhizosphere effect", and characterize the degree of interactions between plants and 98 soil. This method provides the opportunity to quantitatively examine bacterial microbial community 99 diversity and structural variability in rhizocompartments of desert leguminous plants. The main 100 hypotheses of this study, therefore, are: (i) Diversity and structural compositions of soil microbial 101 communities present hierarchical differences across the four rhizocompartments (roots, rhizosphere 102 soil, root zone soil, and inter-shrub bulk soil); (ii) Desert leguminous plants have a hierarchical filtering 103 and enriching effect on the core beneficial microbes in soil via rhizocompartments, and this interaction 104 6 between plants and soil microbes is one of the causes of niche differentiation among 105 rhizocompartments under shrubs. 106
RESULTS 107
Alpha rarefaction curve and α-diversity of microbial communities 108
Results from our analysis indicate that the diversity of root endophyte microbiomes was far lower 109 than that of under-shrub soil bacterial microbial communities. Moreover, compared to various 110 under-shrub soil samples, root samples recorded a higher variability in the shape of rarefaction curves; 111 root sample rarefaction curves recorded a loose distribution in the saturated amplitude range and soil 112 sample rarefaction curves (especially rhizosphere soil samples) recorded a more concentrated 113 distribution in the saturated amplitude range. The rarefaction curves of most root samples were 114 generally saturated upon reaching about 1,000-1,500 OTUs ( Fig. 1A) , while those of under-shrub 115 rhizosphere soil tended to be saturated upon reaching about 2,000-2,500 OTUs (Fig. 1B) . The 116 rarefaction curves of root zone soil samples and inter-shrub bulk soil samples were generally saturated 117 when they reached about 1,500-2,500 OTUs ( Fig. 1C and D) . For the convenience of further statistical 118 analyses regrading sequencing depths of various sequencing samples, we listed the Good's coverage 119 indices of various rhizocompartments based on more than 10,000 iterative computations in mothur 120 ( Fig. 1) . Results for Good's coverage index had a range of 95.3%-96.9%, indicating a high 121 comparability for the sequencing depths of all rhizocompartment samples (roots, rhizosphere soil, root 122 zone soil, and inter-shrub bulk soil). This result suggests that the sequencing depth was sufficient to 123 reliably describe these plant rhizocompartment-related bacterial microbial communities. The Good's 124 coverage indices of soil samples were also significantly lower than those of root samples (P<0.05). 125
Based on the OTU number, Chao1 bacterial species abundance index, and Shannon microbial 126 diversity index, α-diversity analysis was conducted on the microbial diversity of various samples 127 (Table 1) . Results indicate that an obvious separation in α-diversity existed between the root samples of 128 the three desert leguminous plants and soil samples, that the diversity indices of under-shrub soil 129 samples were significantly higher than those of plant root samples, and that they all attained peaks in 130 rhizosphere soil (P<0.05). Specifically, OTU number, Chao1 index, and Shannon index of rhizosphere 7 soil samples for the two Hedysarum L. plants were all significantly higher than those for root samples 132 and root zone soil samples, as well as those of inter-shrub bulk soil samples (P<0.05). By comparison, 133 for the three desert leguminous plants, samples of the same rhizocompartment type all showed highly 134 similar richness and diversity estimations; and no significant effect of plant species on bacterial 135 richness and diversity was observed (Table1). 136
Beta diversity of microbial communities 137
We adopted two evolutionary phylogenetic levels (OTU and phylum) to assess the Beta diversity 138 of microbial communities across different rhizocompartments. PCA analysis was used to display the 139 overall similarity among various rhizocompartment samples in the structures of bacterial communities, 140 thereby comparing the compositions of microbial communities detected in various rhizocompartments 141 and exploring the main influencing factors driving the differences in micro-community compositions. 142
In addition, we also adopted algorithms describing the relationships and structures of community 143 compositions to calculate inter-sample distances, i.e., performing hierarchical clustering analysis for 144 verification purposes based on a Bray-Curtis distance matrix (Fig. 2) . 145
PCA results ( Fig. 2A ) indicated that, depending on the sources of the rhizocompartments of 146 different desert leguminous plants (roots, rhizosphere soil, root-zone soil, and inter-shrub bulk soil), 147 bacterial communities recorded a very strong clustering performance. When PCA was based on the 148 OTU level, PC1 and PC2 accounted for 24% and 12.68% of total variability, respectively. In addition, 149 similar results were also obtained by grouping sources of various rhizocompartment samples and on 150 hierarchical clustering based on a Bray-Curtis distance matrix at the phylum level, thereby verifying 151 such clustering performance ( Fig. 2B ). Hierarchical clustering analysis results indicated that root 152 samples of the three desert leguminous plants were clustered according to rhizocompartment type; the 153 8 other three rhizocompartments (rhizosphere soil, root zone soil, and inter-shrub bulk soil) differed from 154 root samples and they did not cluster completely according to their respective rhizocompartment types 155 ( Fig. 2B ). To further verify the clustering performance of bacterial communities in various 156 rhizocompartments in our PCA results, ANOSIM was performed on samples from different 157 rhizocompartments. As indicated by analysis results, there were significant differences among various 158 rhizocompartmental types (R=0.395, P=0.001) ( Fig. S1 ). 159
Analysis on of the differences in the structural compositions of major contributing bacterial taxa 160 in various rhizocompartments 161
Differences in bacterial communities in the four rhizocompartments of desert leguminous plants at 162 the phylum-order-genus levels were analyzed in-depth. At these taxonomic levels, ANOVA was used 163 to assess the top ten ranked contributing phyla-orders-genera in terms of relative abundance percentage 164 in the four rhizocompartments, respectively, so as to investigate the influence of rhizocompartment 165 types on the structures and compositions of bacterial communities at various taxonomic levels ( Fig. 3  166 and 4, and DATASET S1). In the four rhizocompartments of the three desert leguminous plants, 167 bacterial microbes at the phylum level mainly included Proteobacteria, Actinobacteria, and 168
Bacteroidetes (ten major contributing dominant bacterial phyla in total), accounting for 96%-99% of 169 the total number of bacterial communities in the rhizocompartments ( Fig. 3 and DATASET S1). The 170 filtered major contributing bacterial phyla had significant differences in their relative abundances 171 among the four rhizocompartments. Specifically, Proteobacteria presented a significant step-by-step 172 enrichment trend in the order of root>rhizosphere soil>root zone soil (P<0.01) under the three desert 173 leguminous plant shrubs; Actinobacteria, Gemmatimonadetes presented a contrary trend (P<0.05) ( Fig.  174 4 and DATASET S1). 175 9 Under the three desert leguminous plant shrubs, bacterial communities at the order level mainly 176
included Rhizobiales, Burkholderiales, and Sphingomonadales (ten major contributing bacterial orders 177 in total), accounting for 12%-75% of the total number of bacterial communities in the various 178 rhizocompartments ( Fig. 4 and DATASET S1). Specifically, Rhizobiales was the dominant bacterial 179 order with the highest relative abundance under the three leguminous plant shrubs, presenting a 180 significant trend of enrichment towards roots in all of the four rhizocompartments under leguminous 181 plant shrubs (P<0.01); Xanthomonadales also presented a significant trend of enrichment towards roots 182 under leguminous plant shrubs (P<0.05). Burkholderiales manifested a trend of enrichment towards 183 roots under H. mongolicum shrubs (P<0.01), and Rhodospirillales showed a trend of enrichment 184
towards roots under C. microphylla shrubs (P<0.01) and H. scoparium shrubs (P<0.02). 185
Bradyrhizobium, Rhizobium, and Reyranella were the bacterial genera with the highest relative 186 abundances in roots under C. microphylla, H. mongolicum, and H. scoparium shrubs, respectively, with 187 all bacterial genera presenting a significant trend of enrichment towards roots (P<0.01). Although our 188 results also indicated that Rhizobium presented an enrichment trend in C. microphylla roots (P<0.05) 189
and Massilia presented an enrichment trend in H. mongolicum roots (P<0.01), some other major 190 contributing bacterial genera also manifested a significant the same trend among the four 191 rhizocompartments ( Fig. 4 and DATASET S1). 192
Enrichment and filtration effects of specific bacterial taxa among rhizocompartments 193
Although bacterial communities in rhizocompartments originate from under-shrub soil, our results 194 indicate that there are varying degrees of significant differences in the structures of microbial 195 communities among the four rhizocompartments. Therefore, in order to generate data on the microbial 196 species that cause significant differences in microbial communities between root/rhizosphere soil/root 10 zone soil and inter-shrub bulk soil, we used the OTU number of inter-shrub bulk soil as a control 198 measurement. We also introduced Metastats (mothur v.1.34.4 https://www.mothur.org) to conduct 199 significance of inter-group difference analysis on rhizocompartments and perform inter-group 200 comparative analysis on OTUs (P≤0.05). Ultimately, we obtained the numbers of significantly enriched 201 and significantly depleted OTUs of the three rhizocompartments relative to inter-shrub bulk soil. Results indicate that the number of significantly depleted OTUs was small in root zone soil and highest 221 in roots ( Fig. 5B) . Similarly, statistical analysis on the ten relatively abundant dominant bacterial 222 genera corresponding to the OTUs recorded a relative depletion effect among the four 223 rhizocompartments, indicating that these dominant bacterial genera all manifested a trend of depletion 224 towards roots (P≤0.05) ( Fig. 5D ). 225
The core bacterial microbiome in the rhizocompartments of desert leguminous plants 226
Results from our study indicated that rhizocompartments of desert leguminous plants had a special 227 effect on the specific bacterial microbiome. To determine the structure and composition of this specific 228 bacterial microbiome, we selected the top ten most abundant OTUs of each rhizocompartments as the 229 core microbiome, resulting in a total of 24 OTUs ( Fig. 6 and DATASET S2), as per the method of 230 Solirubrobacterales, amongst others (17 species in total) (DATASET S3). 259
Relationships between rhizocompartment bacterial communities and soil factors 260
In this experiment, soil samples were collected from the rhizosphere, root zone and inter-shrub 261 bulk soil of three desert leguminous plants. All soil factors of rhizosphere and root zone soils, except 262 13 for NO 3 --N and TP under C. microphylla and the two Hedysarum spp., recorded significant differences 263 (P<0.05). Apart from a slight deficiency in NH 4 + -N observed in rhizosphere soils under the three shrub 264
species, values for all other rhizosphere soil nutrient indices were uniformly higher than those in the 265 root zone or in the inter-shrub bulk soil. In three cases, pH of the rhizosphere soil was lower than that 266 of the root zone soil (Data of soil physicochemical factors are listed in DATASET S4). 267
Correlations between microbial community structure and soil physicochemical factors in 268 rhizocompartments were calculated to identify abiotic factors that could cause variation in bacterial 269 community diversity. Redundancy analysis (RDA) of bacterial communities in rhizocompartments 270 revealed that the samples were divided according to soil physicochemical factors in different 271 rhizocompartment types (Fig. 7) . Among the four rhizocompartment bacterial communities, the 272 microbiomes of root endophyte and rhizosphere soil were mainly influenced by SWC and soil nutrient; 273 communities in the root zone soil and inter-shrub bulk soil were mainly influenced by soil pH and 274 NH 4 + -N ( Fig. 7A) . Members of the core bacterial microbiome, which underwent hierarchical filtration 275 and enrichment through inter-shrub bulk soil to roots by legume plants, were mainly influenced by 276 SWC and soil nutrients. The remainder of the core bacterial microbiome, which were relatively 277 depleted in rootscompared with the other three rhizocmpartments, were mainly influenced by soil pH 278 and NH 4 + -N ( Fig. 7B) . Mantel test results revealed that soil pH, TN, SOC, and TP were significantly 279 correlated with the microbial communities (P <0.05) ( Table 2) . plant-related bacteria must undergo intense competition before successfully migrating to and 297 colonizing rhizocompartments (38). Compared to the bacterial migration in soil among the 298 rhizocompartments under shrubs, root endophytes must have many other properties to colonize the 299 roots of host plants (such as the expression of chemotaxis-related genes, flagella, and the production of 300 key enzymes for colonizing root cells) (39-41). Bacteria that enter roots must also adapt to stress 301 factors caused by the innate immune system of host plants (42) and engage in complicated interactions 302 with host plants to promote plant growth (40) . In summary, the colonization of endophytes in roots and the subsequent formation of a community 313 with a relatively stable structural composition seem to constitute a highly variable process. This 314 observation is supported by the Alpha rarefaction curve (Fig. 1 ), PCA and RDA results ( Fig. 2 and 7) , 315 ANOVA on the relative abundances of major contributing bacterial taxa among rhizocompartments 316 (DATASET S1), and ANOSIM on the structures of bacterial communities in this study (Fig. S1 ). The 317 key to such variability lies in the colonizing capacity and properties of endophytes (40, 41) , and in the 318 fluctuations of abiotic factors (such as humidity, pH, and nutrient acquisition) among 319 rhizocompartments (47, 48). However, OTU number, Chao1 abundance, and Shannon diversity results 320 (Fig. 2) of rhizosphere soil, root zone soil, and bulk soil under desert leguminous plant shrubs were all 321 higher than those of root endophyte microbiomes (Table 1) . 322
Drivers of the differentiation of bacterial communities under desert leguminous plant shrubs 323 16
Each rhizocompartment under the three leguminous plant shrubs were generally composed of 324 Proteobacteria, Actinobacteria, and Bacteroidetes (Fig. 3, 4 and 6 and DATASET S1). This finding is that Alphaproteobacteria are closely related to heterotrophic N-fixers in high-C plots, meaning that 337 their presence can promote an increase of NH 4 + pools (50) , and that the under-shrub enrichment of 338
Bacteroidetes is attributable to their ability to rapidly utilize organic matter in the soil (51). In addition, 339 mongolicum are also predictable ( Fig. 4 and 6 , and DATASET S1) as bacteria of these two genera are 355 known to have symbiotic rhizobia, and they are closely related to the symbiotic nitrogen fixation of 356 leguminous plants (49, 60). However, in rhizocompartments under H. scoparium shrubs, neither of 357 these two bacterial genera had prominent relative abundance percentages or enrichment significance. In 358 H. scoparium roots, Ohtaekwangia was the bacterial genus with the highest relative abundance 359 percentage and enrichment significance ( Fig. 3 and 4 , and DATASET S1). Results from previous 360 studies examining the succession of bacterial communities in the rhizosphere soil of corn highlighted 361
Ohtaekwangia to have a dominant role in the early growth phase of corn, to be readily degradable 362 organic matter as substrates, and to be copiotrophic and fast-growing bacteria (61, 62). Rhizobium, 363
Bradyrhizobium, and Bosea, as well as other dominant bacteria detected in the roots of desert 364 leguminous plants in this study, also exist in the roots of Acacia salicina and A. stenophylla 365 (Mimosaceae) in southeastern Australia (63, 64), and in the roots of wheat growing in volcanic ash soil 366 in southern Chile as microsymbionts (65). The significant enrichment of the major contributing 367 bacterial taxa under leguminous plant shrubs across the four rhizocompartments are possibly related to 368 the hierarchical filtration of probiotic bacteria by leguminous plants (49). It has also been shown that 369 differences between niches are possibly caused by the distribution of nutrient resources in various 370 niches (61), and other soil abiotic factors such as soil pH, soil moisture content, and soil nutrient 371 availability (66, 67). 372
Results for the mantel test identified pH, TN, SOC, and TP to be the major factors affecting 373 bacterial community structure under desert leguminous plant shrubs ( Table 2) . As far as the plant 374 species cited above are concerned, the major contributing bacterial communities in their 375 rhizocompartments all have enriched quantities of bacteria affiliated to the Phylum Proteobacteria at 376 various taxonomic levels. According to our results, Proteobacteria was the dominant bacterial phylum 377 in the compositions of bacterial communities in the four rhizocompartments of the three desert 378 leguminous plants at the phylum level. For the order level, Rhizobiales was the dominant bacterial 379 order (Fig. 3-6 and DATASET S1). In the compositions of endophyte microbiomes in host plants, the 380 vast overlapping of core microbiomes suggests that endophytic capacity (effective enriched 381 colonization) and plant rhizocompartments (such as nutrient availability/variability. pH, and habitat 382 suitability) are all retained for specific bacterial microbiomes ( Fig. 5 and 7 , and Tables S3 and S4). It is 383 possible that the significant hierarchical enrichment and depletion trend of specific bacterial 384 microbiomes in the roots of host plants is not just a passive process, and that it depends on the active 385 sampling the four rhizocompartment types. During sampling, plant roots were exposed and removed. 416
Root zone soil, consisting of blocky soil by shaking and kneading from the root samples (>1 cm away 417 from roots), was collected and stored in sterile sample bags. Soil particles adhering to the roots were 418 collected using tweezers, was identified as rhizosphere soil to determine soil physicochemical 419
properties. Inter-shrub bulk soil was collected at the same sampling depth as root zone soil, 10-40 cm 420 below inter-shrub bare soil. Root samples were obtained from the secondary or tertiary branches of 421 plant roots, and healthy and intact roots with an even thickness (5-8 cm) were removed and stored in 422 sterile sample bags. 423
Root samples were initially oscillated at maximum speed for 10 min in 50 mL centrifuge tubes 424 containing 25 mL Phosphate buffer saline (PBS; 130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, 425 pH 7.0, 0.02% Silwet L-77). Replicate samples were rinsed with new PBS buffer with an interval of 5 426 min. The turbid liquid then filtered through a 100-µm nylon mesh cell strainer, and the remainder 427 properties of examined shrub species. Rhizocompartment samples from the same sample plot were 435 mixed separately to prepare compound samples. A total of 36 DNA samples (three shrub species × four 436 rhizocompartment types × three replicates) were prepared from the three sample plots. These samples 437 were stored at -80 °C prior to molecular biological analysis. 438
In order to determine soil physicochemical properties, a conventional approach was adopted to 439 quantify total soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), available amplicons were mixed at an equal molar concentration, followed by pair-end sequencing using the 466 Illumina MiSeq sequencing system (Illumina, the USA) according to a standardized process. 467
Statistics and analysis 468
MiseqPE300 (Illumina, the USA) sequencing results were recorded in the Fastq format. 469
Quantitative insights into microbial ecology software (QIIME; Version 1.8 http://qiime.org/) was used 470 to analyze original Fastq files and to undertake quality control according to the following criteria (73, 471 74): (i) base sequences with a quality score <20 at read tails were removed, and the window was set at 472 50 bp. When the mean quality score in the window was <20, posterior-end base sequences were 473 discarded from the window and reads shorter than 50 bp were removed after quality control; (ii) paired 474 reads were assembled into one sequence according to the overlapping relationship between reads 475 (minimum overlapping length: 10 bp); (iii) the maximum allowable mismatch ratio of the overlapping 476 areas of assembled sequences was set to 0.1, and sequences failing to meet this criterion in pairs were 477 23 removed; (iv) samples were distinguished according to barcodes and primers at the head and tail ends 478 of sequences, and the sequence directions were adjusted based on the number of mismatches allowed 479 by barcodes (0); and (v) different reference databases were selected according to the type of sequencing 480 data. Chimeras were removed using the Usearch program V8.1861 (http://www.drive5.com/usearch/), 481 and clean tags of high-quality sequences were acquired after smaller-length tags were discarded using 482 mothur software. Sequences were clustered into Operational Taxonomic Units (OTUs) using UPARSE 483 V7.1 (http://drive5.com/uparse/) based on a 97% sequence similarity cutoff (excluding single 484 sequences). Representative sequences and an OTU table were obtained (75). 485
Differences among treatments for diversity index, relative abundance data at phylum-order-genus 486 levels and soil physicochemical factors were analyzed using one-way ANOVA model incorporating 487 shrub species, plant rhizocompartments, and their interaction as fixed factors. Post-hoc comparison 488 LSD tests were performed at the confidence level of 0.05. The relative abundance data of all the major 489 contributing bacteria taxa filtered from the four rhizocompartments at phylum-order-genus levels were 490 log-transformed, thereby adhering to the requirements for normality of data and homogeneity of 491 variance. The Shapiro-Wilk test and the Levene test were used to test data normality and homogeneity 492 of variance, respectively. All analyses were completed using SPSS 20.0 (SPSS Inc., Chicago, IL, 493 USA), and α-diversity of the bacterial microbes in the rhizocompartments of desert leguminous plants 494 was analyzed using the Vegan package (R v3. 
